The Canadian breed of horse invokes a fascinating chapter of North American history and as such it is now a heritage breed and the national horse of Canada. The aims of this study were to determine the level of genetic diversity in the Canadian, investigate the possible foundation breeds and the role it had in the development of the US horse breeds, such as Morgan Horse. We tested a total of 981 horses by using 15 microsatellite markers. We found that Canadian horses have high values of genetic diversity indices and show no evidence of a serious loss of genetic diversity and the inbreeding coefficient was not significantly different from zero. Belgian, Percheron, Breton and Dales Pony, unlike the light French horses, may have common ancestries with the Canadian and could be important founders. However, the Shire and Clydesdale influenced the Canadian to a lesser extent than French and Belgian draft breeds. Furthermore, our finding indicated that there was no evidence of a clear relationship between Canadian and Oriental or Iberian breeds. Also, the Canadian likely contributed to the early development of the Morgan. Finally, these findings support the ancient legends of the Canadian Horse as North America's first equine breed and the foundation bloodstock to many American breeds and may help in the management and breeding program of this outstanding breed in North America.
The legend of the Canadian horse is a fascinating chapter of North American history. It is the story of North America's first equine breed that was the foundation bloodstock to many American breeds like the American Saddlebred, Standardbred, (possibly) Appaloosa, Northern Plains Mustang, and the Morgan. The Canadian traces its ancestry to horses sent from Louis XIV's royal stables to the colony of New France in the mid-17th century (Jones 1947) . In spite of the colony's harsh climate and the absence of forage, shelter and pasture, the foundation herd of less than a 100 animals flourished to 30 000 by 1784 (Gendron 1993) . The Canadian earned the nickname, "the little iron horse," for its storied feats of strength and endurance, regularly outclassing more muscular and heavy boned horses (Langelier 1920) . The Canadian studbook was established in 1889 and is the oldest active horse breed registry in North America (Gendron 2010) . In 1998 and 2002, respectively, Quebec and Canada officially recognized the Canadian as a heritage breed and the national horse for its intrinsic role in forming the 2 nations. Today the breed languishes in relative obscurity on the brink of extinction with a confirmed population of 2456 pure Canadian horses and is classified as threatened by The Livestock Conservancy.
Comprehensive information about genetic diversity and population structure is highly important to draw the essential outlines for any appropriate conservation and sustainable management programs (Notter 1999) . Also, it is essential to understand the evolution, domestication, and demographic history of breeds to support breeding programs.
Microsatellite markers have been widely used to investigate genetic structure and diversity of different horse breeds (Bigi and Perrotta 2012; Khanshour et al. 2013a ) including rare horse breeds (Bodó et al. 2005; Luís et al. 2007 ). Stability, ease and accuracy of genotyping these co-dominant markers, together with their wide-spread distribution across the genome make microsatellite loci an attractive source of information for genetic diversity and population structure (Goldstein and Schlötterer 1999) .
The allocation of resources for the conservation of heritage breeds must consider not only the genetic value of an endangered breed, but also its sociopolitical and cultural significance. Therefore, the aims of this study were to determine the level of genetic diversity within the Canadian breed, to investigate the possible foundation breeds for the Canadian breed by comparison to a large number of contemporary breeds, and to investigate any role of the Canadian in the development of US horses, especially the Morgan Horse breed.
Materials and Methods
We tested a total of 981 horses. One hundred and 8 of them were Canadian horses collected from different places in Canada to cover all 8 stallion bloodlines of the Canadian breed as documented by the Canadian Horse Breeders Association. All 6 maternal lineages described by (Prystupa et al. 2012a) were also sampled. Only horses registered in the Canadian Horse Breed Registry as 100% Canadian were included. The other horse samples were from animals that were registered with a breed registry and collected from different countries worldwide to represent 18 horse breeds, See Supplementary Table 1 online. These breeds were expected to be linked to the Canadian based upon the historical background of the North American horses. The numbers of horses tested and breed abbreviations are listed in Table 1 .
Total DNA was extracted from hair follicle samples using the PUREGENE® DNA purification kit following the manufacturer's protocol (QIAGEN, MA, USA). We tested 15 microsatellite markers (AHT4, AHT5, ASB2, ASB17, ASB23,  HMS6, HTG6, HMS7, HMS3, HMS2, HTG4, VHL20,  HTG7 , and HTG10, and LEX33) distributed on 14 chromosomes of the horse genome. Information about the loci location, primer sequences and allele sizes can be found in (Khanshour et al. 2013b) . Microsatellite genotyping was performed following the method described by (Juras et al. 2003) . In fulfillment of data archiving guidelines (Baker 2013) , we have deposited all genotype data for the 981 horses tested in this study with Dryad. The validity of each marker was tested by calculation of the deviation from Hardy Weinberg Equilibrium (HWE) in each population by Chi-Square test implemented in GENEALEX 6.5 (Peakall and Smouse 2012) . For all markers together, the Fisher's method implemented in GENEPOP 3.4 (Raymond and Rousset 2001) was used to detect the significant deviation of a population from HWE after Bonferroni correction. GENPOP was also used to calculate the pair-wise Fst among populations. The significant presence (P < 0.05) of null alleles was detected and adjusted using Microchecker software (Van Oosterhout et al. 2004) according to Brookfield's approach (Brookfield 1996) .
We calculated genetic diversity indices for each breed using GENEALEX 6.5. These included the average number of alleles per population (Na), the effective number of alleles per population (Ae), the proportion of rare alleles per population (Ra) defined as those with an allele frequency < 0.05, the number of private alleles (Pa), observed (HO), and expected (HE) heterozygosity. The inbreeding coefficient (F IS ) was also calculated using 10 000 bootstraps as implemented in GENETIX 4.05 (Belkhir et al. 1996 (Belkhir et al. -2004 .
The genetic relationship of the Canadian breed to the other breeds was investigated by the Majority-rule consensus of restricted maximum likelihood (RML) trees. We calculated the chord distances generated from 1000 bootstrapped allele frequency datasets using PHYLIP 3.69 package (Felsenstein 1989 (Felsenstein -2006 . Trees were visualized by MEGA6 (Tamura et al. 2013) . The Przewalski Horse population (N = 44) was used as an out-group.
Presentation of the genetic relationships among breeds was carried out using factorial correspondence analysis (FCA) as implemented by GENETIX 4.05. Also we used the STRUCTURE 2.3.3 software (Pritchard et al. 2000) to study the admixture pattern among the Canadian and the other breeds with burn-in value of 20 000 and 100 000 Markov Chain Monte Carlo (MCMC) repetitions. Runs for each value of K (K = 2-21) were repeated 10 times. The Przewalski Horse population (N = 44) was used as an out-group. The software CLUMP (Jakobsson and Rosenberg 2007) and DISTRUCT (Rosenberg 2004 ) were used to align multiple replicates and display the results, respectively. The best number of clusters was determined based upon ΔK value (Evanno et al. 2005 ) using Structure Harvester application (Earl and vonHoldt 2011) .
Results
All loci tested were found to be polymorphic and all did not show stable significant deviation from HWE in all breeds tested (P < 0.05). The Canadian breed was in Hardy Weinberg Disequilibrium (HWD) in 4 loci ASB17, HMS2, HTG7, and HMS7 with the possibility of null alleles for the HMS7 locus. The Canadian was not the only breed with HWD in these loci as other breeds showed a similar deviation, Supplementary Table 2 online. However, considering all 15 loci together, no significant deviation from HWE was found in the Canadian using the overall Fisher's test and Bonferroni correction.
The genetic diversity measures within breeds showed that the highest genetic diversity was in Morgan Horse and Selle Français breeds (Table 1) . Conversely, the Clydesdale population showed the lowest genetic diversity. For the Canadian breed, a high genetic diversity associated with a high number of total effective and rare alleles was found. were more close to Breton, Percheron, Dales Pony, and Suffolk (cluster II) than Shire and Clydesdale breeds. Breton, Percheron, Suffolk, and some Breton and Canadian overlapped closely (cluster III). The Shire and Clydesdale breeds overlapped in a separate cluster (cluster IV). The STRUCTURE analysis of 19 breeds using K = 21 showed that the highest ΔK was at K = 3 (Supplementary Figure 2 online) where 2 clusters and the out-group were formed, Figure 3A . Canadian horses along with other draft horses BE, BR, PC, SU, CL, and SH and Dales Pony formed the first cluster (8 breeds). The second cluster represented all sport and riding horse breeds (12 breeds). However, RP, MH, SB, and AN breeds showed some similarity to the horses of the first cluster. Therefore, we reran STRUCTURE for each cluster separately with the Canadian for better individual assignments in order to see which breed is more related to the Canadian.
The STRUCTURE analysis of 8 breeds showed that the highest ΔK was at K = 5 (Supplementary Figure 3 online ) where 5 clusters were formed ( Figure 3B ). The Canadian started to form a separate cluster at K = 4 and were isolated from other breeds at K = 5 (Supplementary Figure 4 online ). The proportion of individuals assigned into each cluster based upon the Q value at the best ΔK showed that cluster 4, the blue color in Figure 3B , consisted of 90.5 % Canadian. The highest contribution that came from other breeds was 8.2% for the PC breed. CL population contributed only 0.006 % in this cluster (Table 3) . Only 3.9% of Canadian contributed to cluster 1, the red color, that also contained high proportions of BR, SU, PC, and BE horses, Table 3 and Figure 3B .
The analysis of 12 breeds showed that the highest ΔK was at K = 10, Supplementary Figure 5 online and Figure 3C . The Canadian horses were assigned into a separate cluster Table 4 , the highest proportion of the Canadian horses (89.8%) was in cluster 1, the blue color in Figure 3C . The other contributions in this cluster came from Morgan Horses with 7.4% of the individuals. All contributions of other breeds into this cluster were less than 2%. On the other hand, the Canadian breed contributed 11.2% of its individuals to other clusters, noticeably in cluster 4 where 50 % of MH and 74.1% of SB were assigned.
Discussion
We described the genetic diversity and population structure in the Canadian breed and their relationship to other horse breeds. Although the Canadian was thought to have been bred in isolation for a long time, their genetic diversity represented by expected heterozygosity is high and similar to that of other domestic horses (Plante et al. 2007; van de Goor et al. 2011; Conant et al. 2012 ). The genetic diversity in the Canadian was higher than any horse breeds reported as endangered (Bodó et al. 2005) . The F IS value was not significantly different from zero suggesting that this breed has not suffered a recent loss of genetic diversity due to inbreeding despite a relatively small population size compared with other breeds. Similar results for the genetic variability of the Canadian was reported by Behara et al. (1998) using a similar set of markers and Prystupa et al. (2012b) who used 38 microsatellite markers. The genetic diversity, shown as the expected heterozygosity (HE), of the Canadian reported 13 years ago was 0.69 with a total number of 7632 registered horses compared to 0.7 in this study with a total number of 13 616 registered horses (Canadian Livestock Records Corporation 2012). This high level of genetic variability, supported by our finding of the high number of both total and effective number of alleles, indicates a wide base of genetic diversity of the Canadian breed through its recent history.
Regulations for Canadian horse registration have restricted introgressive gene flow since 1889 when the Canadian government established the first pedigree records (Gendron 2010) . Therefore, the relatively high Ra in the Canadian is not likely due to recent genetic introgression from other horse breeds but is more likely part of the evolutionary history of the breed. The high value for Ra also could be one consequence of the isolation of this breed and represents alleles that are in the process of being lost. The presence of rare alleles was reported in some other primitive horse populations (Leroy et al. 2009 ).
The FCA and STRUCTURE analyses in the current study showed the Canadian as a genetically uniform breed confirming this breed as a homogenous, interbreeding population (Figures 2 and 3) . Although we tested horses from different areas from Canada, these horses came from a closed breed and represent a single gene pool.
FCA, RML tree and STRUCTURE placed the Canadian with the heavy draft breeds in 1 cluster (Figures 1 and 3A ) and this result also was supported by the moderate F ST value found between Canadian and the heavy draft breeds (Table 2) . This finding agrees with other works that found a strong relationship between the Canadian and draft horses (Plante et al. 2007; Prystupa et al. 2012a; Prystupa et al. 2012b ). The clear relationship between the Canadian and French draft horses-Breton and Percheron, as shown in Figures 1, 2 and 3B, confirmed a likely common ancestry for these horses. The old horses in Canada were known as French-Canadian horses before officially called the Canadian Horse (Pelletier 1943) . The old name came from the historical fact that horses of French origin, mainly from the royal stud of Louis XV, formed the basis of the French-Canadian horses. French horses imported into Canada during the 17th century came from Normandy and Brittany (Jones 1947; Gendron 2010) . Percheron and Breton are well known breeds from the Normandy and Brittany regions, respectively (Hendricks 1995) . These 2 French breeds were reported as very genetically similar horses (Leroy et al. 2009 ). However, the Percheron looked more similar to the Canadian than did the Breton as STRUCTURE showed in Figure 3B , and could be important in the foundation of the Canadian breed. It was reported that the Percheron resembles the French-Canadian more closely than any other breed in the world (Jones 1947 different compared with other tested breeds ( Figure 3C ). Pairwise Fst between Canadian and Selle Français was moderate (0.121) but it was high for the French Trotter (0.171). French Trotters have been reported before as genetically distinct breeds from the Breton and Percheron breeds (Leroy et al. 2009; Petersen et al. 2013 ). The Belgian breed was also very close to the Canadian breed ( Figure 1 ) and individuals clearly overlapped as shown in Figure 2 . STRUCTURE also showed that the Belgian clustered with other heavy horses and could have admixed with the Canadian. The Dales Pony was close to Belgian ( Figure 3B ) with moderate differentiation based upon the pairwise Fst (Supplementary Table 3 online). The strong relationship between Belgian and Percheron was reported before (Petersen et al. 2013 ) and, in fact, all the heavy horse breeds are genetically close (Aberle et al. 2004; Iwańczyk et al. 2006) . The Belgian breed is a very ancient breed in Western Europe (Hendricks 1995) . However, 36.5% of the registered Belgian horses are from unknown origins (Pirault et al. 2013) . Therefore, the admixture pattern and the high similarity among Western European horses are expected. Regardless of the origin of the Belgian breed, it could be one of the candidate founders for the Canadian breed along with Percheon and Dales Pony.
The relationship between the Canadian breed and the British draft horses revealed by the Factorial Corresponding Analysis, pairwise Fst, and STRUCTURE (Figures 1, 2, 3A and B; Table 2 ) was not same with Shire and Clydesdale as compared to the Suffolk. Shire and Clydesdale formed one cluster, as reported in other studies (Petersen et al. 2013 ), but notably showed less relationship with the Canadian than did the Suffolk (Figures 1 and 2 ; Table 2 ). Horses that came with the English settlement were part of the horse breed establishment in Canada and the Northern US states (Howard 1965) . The power and strength of the British horses such as Shire and Suffolk impressed Canadian farmers. Therefore, they used them to produce horses capable not only of general draught work but of supplying power required for pioneer cultivation on the high plains (Moore-Colyer 2000) .
Similarly, the Clydesdale, from Scotland, found their way to Canada to meet the needs of Scottish settlers. Our results showed that Shire and Clydesdale influenced the Canadian breed less than French and Belgian draft horses did. This could be because various British exporters sent many unsound, unsuitable and even impotent British stallions to the North American market before 1900 (Moore-Colyer 2000) . These poor quality stallions came to be unfavorably compared with horses of Percheron and Belgian types whose breeders made sure that only the very best specimens reach North America at a reasonable price. Another reason that could be of major significance is that the draft British horses, except Suffolk, have long hairs on the lower part of their legs (known as the feather) that was considered as unsuitable feature for the needs of most Canadian horse breeders (Moore-Colyer 2000) . Furthermore, the reconstitution of the Canadian breed pedigree records that happened in 1907 followed a severe selective inspection where only perfectly healthy horses with no features of large drought breeds, such as Shire and Clydesdale, was accepted (Gendron 2010) . Our findings indicate that the Dales Pony had a moderate level of differentiation based upon pair-wise Fst and it is a possible contributor to the Canadian breed. This finding is supported by the fact that all breeding efforts after 1907 were centered to keep the small size of the Canadian (Gendron 2010) .
The STRUCTURE analysis showed that Arabian, Akhal Teke, and Andalusian breeds were distinct from the Canadian at early K (K = 5). Similar results came from the genetic distance trees and the Factorial Corresponding Analysis where the Canadian breed was in a different clade than all Arabian, Akhal Teke, and Iberian breeds. Therefore, our finding indicated no evidence of a clear relationship between Canadian and those horses. The Canadian was thought to have Arabian or Akhal Teke blood through French founders such as Percheron (Jones 1947 ). Yet, the Percheron themselves, as well as Belgian and Breton, showed no relationship with either the Andalusian or Arabian breeds in this study as well as other studies (Leroy et al. 2009; Petersen et al. 2013) . The Morgan Horse showed similarity with the Canadian based upon pair-wise Fst (Table 2 ) and STRUCTURE analysis (Supplementary Figure 6 online) where they were the more closely related to the Canadian than any other sport and riding horse breeds ( Figure 3C ; Tables 2, 4). Such as results were previously reported (Behara et al. 1998) . Our finding about the Canadian and Morgan breeds could be explained by 2 scenarios. First, Morgan Horses were used to recover the Canadian after different waves of the Canadian breed contraction in number and quality which happened after 1900. The second scenario is that the Canadian influenced the development of Morgan Horse at some level. The first scenario is rejected because although the Morgan Horse was among the breeds that fought for the honor of recovering the Canadian between 1913 and 1923, all the attempts of these crossbreeding projects were abandoned (Gendron 2010) . The second scenario is more likely. The Morgan breed was established around 1790 from a single foundation stallion, named Figure and then called Morgan, and mares with no information of their origin or pedigree (Hendricks 1995) . Around that time, purebred and mongrel French-Canadian horses crossed the borders from Lower Canada to the northern states of US, such as Vermont, through trade with farmers and American dealers (Jones 1947) . Mares that resulted from the intermixing of French-Canadian with American horses on the United States side evidentially contributed to the development of the Morgan hose (Jones 1947; Lynghaug 2009 ). Furthermore, the presence of the French-Canadian genetic materials in Morgan horses was indicated by specific characteristics such as the excellent legs and feet, heavy crimpy mane and tail (Herbert et al. 1871 ). Interestingly, it was mentioned in The National Live-stock Journal in 1881 that H. Bexon, a Vermonter, has said: "there is a terrible fear the Morgan horse would be found to have some French blood in him" (Jones 1947 ).
In conclusion, although the Canadian breed has experienced significant difficulties throughout their history, they have not suffered a serious loss of genetic diversity due to inbreeding despite now being considered as a rare breed. Belgian, Percheron, Breton and Dales Pony, unlike the light French horses, may have common ancestries with the Canadian breed and could be important founders. Shire and Clydesdale influenced the Canadian breed less than French and Belgian draft horses. Also, our finding indicated that there was no evidence of a clear relationship between Canadian and Oriental or Iberian breeds. The Canadian evidentially contributed to the early development of the Morgan horses and many other American breeds. Finally, this study provided in depth investigation of the genetic history of North America's first equine breed. These findings may help in the population management and breeding program of the Canadian and provided some answers related to the ancient legends of the Canadian Horse.
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